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SUMMARY 

A theory for helicopter rotor thickness noise Is described. Two 
full-scale rotors tested In a wind tunnel with several tips Involving 
changes In chord, thickness, and sweep are described. The lapulslve noise 
data reduction procedures are described. Finally, the calculated and 
aeasured Inpulslve noise peak pressures as a function of advancing tip 
Mach number are compared, showing good correlation for all six rotors 
considered . 
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irmoDucnoii 


Blade slap is a periodic, lapulsive soiuid pre-°^sure disturbance 
produced by helicopter rotors in certain fli^t conditions. Uhen it occurs, 
blade slap is the doninant noise coaponent of the rotor. ^ Blade slap 

has been attributed to a nuaber of aercdynaaic sources, including vortex/blade 

12 3 lb 

interactions,* *^ shodc fomation on the advancing tip, * retreating blade 

< 3 5 

stall, ^ and coapressibility effects on the drag of the advancing tip. 

Recently attention ha^ been focused on thidcoess noise as the source of 
6 7 d 

rotor blade slap. *^* Prediction of measured rotor lapulsive noise using a 
thickness noise theory has been atteapted for only a feu oases, with varying 
degrees of success.^* The present investigation was undertaken to 

establish vhether thickness noise is a principal source of helicopter blade 
slap, by coBparing the predicted and aeasured noise pressure pulses for 
several full-scale helicopter rotors tested in a vlik< tunnel. 

The rctor lapulsive noise will be exaained in terns of the sound 
pressure line history. Looking at the haraonics can be aisleading for 
lapulsive noise, particularly if only the spectrua aagnitude is used. The 
advantage of working with wind tunnel noise tmasurenents is that the 
critical parameters are well knownt the location of the microphone relative 
to the rotor hub, the air speed and the tip- path plane angle-of-attadi, the 
rotor rotational speed, and the air density and speed of sound. The principal 
disadvantages of noise tests in a conventional wind tunnel — the poresence 
of background noise and reflections — are not important for rotor impulsive 
noise in the time domain. By averaging the sound pressure signal in the time 
domain, the random background noise can be removed from the periodic component 
of the rotor noise. Moreover, at high speeds the pulse peak will be much 
higher than the background noise pressure level. The reflections will not 
mask the direct pressure pulse if the difference between the arrival times 
of the direct signal and the first reflection is greater than the pulse width. 
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Thldcnass noistt ttieoxy mls first <)eveloped by DaBlng * for a 

propeller at zero thrust. He represented the blade by a distribution of 

source doublets over the di^, oonrotating but periodically varying in tine 

to produce pressure disturbances ec^ui valent to the rotating blade. Thickness 

noise has long been recognized as a noise source elth propellers, but it is 

less than the thrust-generated rotational noise at the usual tip Nach 

nunbers of subsonic propellers. The xole of thidcness noise in helicopter 

acoustics has generally been ignored until recently, particularly in 

13 lb 

connection with blade slap. Consequently while the theories for 

helicopter thrust and torque-generated rotational noise were being exten'ed 
to the cases of tlse-varying blade loading and forward flight, the conpatable 
extensions of the thickness noise theory were Ignore-’. 


Jchnson^^ has used the acoustic equations of bowscn^^ and Farassat^^ 
for bodies in arbitrary notion, to derive a thickness noise theory for the 
rotating blades of a helicopter in vertical or forward flight. Consider 
a helicopter rotor noving with fortiard speed V ■ M c and vertical speed 

the velocity components relative to the tip- 
path plane axes). The sound is required at an observer station novfng with 
the rotor. The observer position relative to the rotor h*?h ir -*e'lned by 
the range s^, the azimuth angle (measured from downstream, in the direction 
of rotation of the rotor), and tae elevation angle from the tip- path plane 
(positive above the rotor disk). The sound pressure p is periodic with 
fundamental frequency equal to the blade passage frequency Nfl (where N is 
the number of blades, and Cl is the rotor rotational speed), so it can be 
written as a Fourier series with harmonics p t 
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In the far field, the following exprecsion Is obtained for the thickness 
no lo 8 hamonicst 
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Here A is the area of the blade cross section, and a is a factor accounting 
xs n 

for the chordwise distribution of the blade thickness t 

1 f ^ i -Inx/r , 

XS ) 
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where t(x) is the blade thickness. For the present calculations, the 
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thlcdcoess distribution of NACA 4-dlglt and 5-dlglt airfoil series was 
used. TM.S thldcness noise theory Involves Uto na.^r assumptions. A 
high aspect ratio of the blade has been assunec*, in order to separate the 
integral over the chordwlse variable x. A far-fleld observer point has 
been assumed in order to analytically solve for the retarded time and evaluate 
the integral over the rotor arimuth. 

The Integrals were evaluated numerically using 10 chordwlse steps, 
and up to 500 radial steps at high spaed. Dp to 500 harmonics were 
evaluated at high speed, and the tine history of the sound pressure 
was evaluated at up to 500 points over the period to define the pulse peak . 



FULL SCALS WIND TUNNSL TVSTS 


A 6»7b radius four-bladed rotor constructed by Sikorsky Aircraft 
was tested In the NASA-Anes bO- by BO-ft Wind Tu:\nel In 1977* and a ?.Bm 
radius two-bladed rotor constructed by Bell Helicopter Company was 
tested In 1979. In both oases a number of tip shapes were testeit (flgxire l), 
Involving changes In the blade chord, thickness, and sweep. The corresponding 
radial distributions of t)\e cross section area are shown In figure 2. The 
Sikorsky rotor blades had a constant chord and 9.3^ thickness i^tlo airfoil 
inboard of 95^ radius. The rectangular tip maintained the chord out to 
10055 radlx». The trapezoidal tip was tapered to 6055 of the baseline choni 
at the tip, with a constant thickness ratio and an xinswept quarter chon’, line. 
The swept tip hsd constant chord with 20^ sweepback. The swept- tapered 
tip had 35° sweep of the leading edge and 10® sweep of the trailing e<ige, 
giving a taxjerjvl blade with constant thickness ratio. The Bell rotor blades 
had a constant chord with a N\GA 0012 airfoil section Inboard of B05 radii’s. 

The thin tip tapered In thickness to 6' thickness ratio at the tip, with 
constant chord. The single-swept tip had 31° sweepback of the leading 
edge from 965 radius* its thickness ratio varied from li25 at O.fiR to 
10.3‘5 at 0.B8R, was constant to 0.b6R, and then Increased ‘■-o 11J5 at the tip. 

The principal parameters of the rotors and tests are presented In 

Table 1. The rotor was operated by setting collective pitch and shaft 

angle, and adjusting the cyclic pitch contirols to achieve aero cyclic 

flapping. Hence the shoft angle-of-attack also gives the tip-path plane 

Incidence angle ( e. , positive for aft tilt), live noise data presented 
o * ^ 

here are for a S forwarv! t\lt of the lip- path plane, over a small ran^e 
of rotor thrust around ^ ' 0.07 (the thlcKnePs noise prediction doei' not 
depend nn the rotor forces, and no <!ependence on thrust over this ran^^f was 
observed in the measurements either). The tunnel ali'speed and rotor rolatloaal 
speed were set to vary the advancing tip Mach mimber * (V riR)/c^ 

at constant y\ ue of V/niU The resulting ivtor speed war aro\ind 770 
vth rotorrj giving a l/rev frequency around H.* . 'The microphone 
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was locat<»i upstream of the rotor, slightly below the tlp-pa+h plane. There 
were minor variations In the air density and speed of sound for the test 
points considered (the range Is shown in Table 1, but the actual measured 
values were used in the thickness noise calculations). 
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NOISE DATA RBOUCTICN 


The mlcropnone signal was recorded on an FM tape recorder (center 
frequency 2? kHz, bandwidth 5 kHz). The sound pressure signals were played 
back Into a time series analyzer for digital processing* The noise signal 
was sampled at a rate of 5120/sec for 0.2 sec. beginning when the rotor 
azimuth angle was zero. The resulting frequency resolution was 5 Hz with 
a Nyquist frequency of 2.06 kHzt a 2 kHz anti-aliasing filter was used. 

An example of the raw noise signal is given in figure 3a. The noise signal 
was averaged 50 times to eliminate the background noise and the rotor 
broadband noise (figure 3b). Finally, ti.e noise signal was processed by 
a Hz high-pass filter to eliminate the mean, and the firs., blade passage 
harmonic of the thrust-generated rotational noise. (The filtering was 
accomplished by calculating the Fourier transform of the signal, dropping 
all spectral lines below 25 Hz, and then calculating the inverse Fourier 
transform. By this means any magnitude or phase distortion of the harmonics 
above 25 Hz was avoided. As figure 3c shows, there was no observable change 
in the pulse shape or amplitude using this procedure.) 


A key element of the data reduction is conve.:ting the recortied signal 
to pressure units (N/m ). The microphone was calibrated using a B&K Flstonphnne, 

p 

which produces a 124 dB (re 0.00002 N/m ) rms acoustic signal at 250 Hzj 
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20 log 


‘rms 
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Now p = K V 

' rms rms 

to N/m^, and V 

' amp 


K V 


is the amplitude of the oallbratlon signal in volts. 
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where K is the conversion factor from volts 

Then 
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When the rotor noise was recorded with a <llfferent amplifier setting than was 
t!sed for the oalibr.itlon (by -ilO dB or ^20 dB typically, in order to keep the 
signal within the best working range oi he tape recorder), it was also necessary 
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gives atiditloiml 


IQ 70 

to acrount for this (ilffersnce In the factor K. IjSS * 

«ietalls of the measurement and data reduction inrocess. 

For the test configuration considered here, it was verified 
experimentally that the first reflection (from the wind tunnel floor) 
arrives about h msec after the direct wave, and the sound pressure pulse 
width was found to be much less than b msec, particularly at high speed. 
Acttally, there was little evidence of impulsive noise reflections in the 
measured sound pressure signals (see figure 3). A probable factor in the 
absence of observed reflections is the location of the microphone nearly 
In the rotor tip-path plane, where the impulsive noise directivity is grcntert. 
Hence pulses reflected off the tunnel floor or ceiling have ‘■'mailer 
magnitude than the pulse traveling directly from the rotor to the microphone. 



COMPARISON OF MK\SUHED AND CALCULATED NOISE 


Time histories of the measured Impulsive noise are shown In figure 4 

for the Sikorsky 6,7m rotor with tiapezoldal tips, at three advancing tip 

Mach numbers. Similar waveforms were observed by 1. -flight measurements of 

21 

the noise produced by a UH-1 helicopter, which identified the negative 

pressure pulse Increasing in amplitude with Mach number so that it dominates 

the sound pressure signal at high speed; and found at very high speeds a 

positive pressure spike closely following the negative pulse so that the 

waveform becomes unsymmetrlc. ’^Igure 4 also shows the impulsive sound 

pressure calcuV ted using the thickness noise theory described above. Clearly 

there Is more to the periodic rotor noise than just the thickness nclse 

component, but the Impulse is well accounted for by the thickness noise. 

19 20 

Lee * gives the rotor sound pressure time histories for additional cases. 

Figures 5 to 10 compare the measured and calculated peak impulsive 
noise pressures for the Sikorsky 6.7m rotor with four different tips and 
the Bell 7«3m rotor with two different tips, at constant V/flR as a function 
of advancing tip Mach number. The overall correlation is quite good, it Is 
also seen In both the measured and calculated data that the impulsive noise 
can be reduced by creasing the cross sectional area of the blade tip. "or 
exam,-j.e, compare the noise produced by the Sikorsky 6.7m rotor with 
trapezoidal and rectangular tips (figures 5 and 7), which differ In cross 
sectional area as shown In figure 2. Sweeping the blade tip without 
changing the chord or thickness has little Influence on the thickness noise 
(compare figures 5 and 6 for the Sikorsky 6.7 rotor with trapezoidal and 
swept- tapered tips) . 
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It Is ooDCludsd fro* this coaparlscn of Mssurad mad calculated 
rotor lapulslve noise that hl|^ speed blade slap Is donloated bj the 
thldiness noise, uhleh can be predicted msII using existing theories. 

A ccaplete prediction of helicopter noise irill require an accurate treataent 
of the positive pressure spike following the thickness noise negative pulse 
at very high ruivanclng tip Nach nunber; the blade lift- and drag-genera trd 
rotational noise, including the inpulses due to blade/vortex interaction, 
and the rotor broadband noise. The ability to predict blade thickness- 
generated iapulsive noise however does auch tc allow the confident design of 
quieter helicopter rotors at high speed. 
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1 Bo tor and Tost Bucaaetors 



Sikorsky 6,7 a rotor 

Boll 7.3 a rotor 

lhabor of b!.adest M 

4 

2 

Rotor ladljfi. R (n) 

6.71 

7.32 

Blade chord, c (a) 

0.304 

0.533 

Blade thickr ess ratio 

0.095 

0.12 

HlcrofdK>ae .oeltlon 



mnge. (a) 

19.66 

21.40 

a.’.Jaiitli, 

IfiO® 

IBO® 

elevation, ^ 

- 7.4° 

- 7.4® 

Rotor operating condition 




0.065 to 0.075 

0.065 to 0.075 

V/lR 

0.375 

0.300 

- 

Air dete ty (Rg/a"^) 

- 5" 

1.12 to 1.15 

ft 

- 5 

1.13 to 1.17 

Speed of »oi«»d c (m/sec) 
s 

3^*1 to 346 

345 to 349 
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(a) 8IICORSKY&7m ROTOR 




(b)BELL 7^ m ROTOR 



Figura 1 Tip shapes of the full scale rotors testec^ 
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Figure 3 Example of the noise signal processing (Sikorsky 6,7 m rotor 
with trapezoiflal tips, at = 0.896 and v/hlR = 0.375) 
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^ Conparlson of the •easure*! arv^ calculate*? thickness noise time histories for the Sikorsky 
6.7m rotor with trapezoi'’al tips, at '/fin » 0.375 and several arlvanclng tip *'Ach nuahers 




^1,90 


F1rut» 5 Compaxiaoa of measured and calculated impulsive noise 
peak preesuree for the Sikorsky 6.7 n rotor with 
trapesoidal tips (V/fXR ■ 0.375) 
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FlgW 6 Gom par Ison of ■•asurod and calculated Impulsive nolae 
peak pressures for the Sikorsky 6.7a rotor with 
sMspt- tapered tlpe (v/TlR - 0.375) 
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□ EXPERIMENT 



FIkutb 7 ConpTTlson of moasurod and oalculatad inpulaiva oolsa 
paak prassuras for tha Sikorsky 6 . 7 a rotor with 
ractangular Upe (v/AB « 0.375) 
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P. N/m* 





Figure 9 Comparison of measured and calculated impulsive noise 
peak pressures for the Bell 7.3m rotor with thin tips 
(V/AR « 0 30) 
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yiguf 10 Ooaparlspn of aeasurod and calculatod iMpulsiv* noise 

peak pressures for the Bell 7.3n rotor with sin^e-SNept 
tips (V/S2R « 0.30) 
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